From the Department of Visual Science, Institute of Ophthalmology, London
In recent years, the technique of fundus reflectometry (see Weale, 1974) , has been shown to be particularly helpful in locating defects in the primary stage of the transduction of light into vision. It has thus been possible to assess the availability of retinal pigment in cases such as night blindness. When the results are considered together with those from complementary electrophysiological or psychophysical tests, a much clearer diagnosis concerning the site of the lesion is possible. The basis of the measurement is the marked change in the absorption spectrum of the visual pigment rhodopsin when it is bleached by strong exposure to light. Thus if a defined part of the retina is bleachedthat is, an imprint or an 'optogram' is formed on the retina-a comparison of the reflectances of the unexposed and exposed areas can be used as an indicator of the availability of pigment in that region. The measurement can be carried out only for a double transit of light through the retinal layer provided that the bleaching of the eye has affected only the retinal pigment.
In most previous clinical studies, complex apparatus was used and the procedure was involved. We have been able to use a simple procedure and a conventional fundus camera, albeit slightly modified. The use of a standard fundus camera and a flash bleaching technique has obvious clinical advantages-for example, the co-operation required of the patient is minimal. These modifications are described in this paper and the use of this technique in assessing the pigment concentration in rod rich parts of the retina is illustrated. These modifications were designed so that they could either be easily removed from the light path in the camera or left in place provided they did not hinder the original application of the camera. As very little machining is required on the main body of the apparatus, its absence from the clinic is short. An approximate assessment of the density contrast of the optogram can be made immediately after developing and fixing the latent image on the photonegative. A value for the density contrast can be obtained later by means of a microdensitometer. The modified apparatus thus provides a simple procedure for routine and rapid clinical assessment of rhodopsin in the eye.
Method
The spectral absorption of the visual pigment is different for the bleached and the unbleached states, and the intensity of the light beam which has traversed through the retinal layer containing the pigment will be modified accordingly. We may compare the intensities either from two adjacent areas, one of which is bleached, or from a given area before and after it is bleached. If this difference is due oaly to a change in the retinal pigment, we can relate the changes in the concentration of that pigment to changes in optical densities. The change in optical density is a function of the wavelength of light used for the measurement; it is largest in bluish-green light for the rod pigment.
The present method uses a photographic technique to record this difference from adjacent areas of the retina after a defined part of the retina has been bleached. In order to relate the recorded density differences to true differences, the photonegative also carries a calibration which is superimposed at the same time as the recording. Thus, distortions which may be introduced during the process of the development of the latent image on the film can be compensated (Arnold, Rolls, and Stewart, I97I).
APPARATUS
The basic apparatus consists of a standard Zeiss* fundus camera and its associated electronic power supply unit for the xenon flash tube. The paths of the light beams which are used to provide the retinal illumination for general viewing, flash bleaching, and photography are unfortunately largely common. In order to produce an optogram by bleaching a defined part of the retina, an aperture in this light path is required, but it has to be removed for general viewing of the fundus and during photography.
These modifications are illustrated schematically in Fig. i . The original tubular holder which supports the objective lens L is replaced by a modified housing. The axial length of the housing and the mechanical dimensions at both its ends are exactly the same as for the original tube so that the two can be interchanged. The housing accommodates a moveable carriage which in turn accommodates an aperture-plate. The apertures can be moved along the optical axis by rotation of the shaft S1 so that they can be made conjugate with the patient's retina. Either aperture may be brought into the light path by means of the knob K2. A shielded press-switch, Sw, is mounted at the end of K2 to activate the xenon flash B2 for retinal bleaching. This switch is wired electrically in parallel with that on the mechanical shutter of the 35 mm camera. This duplication of the switch is desirable to enable the flash to be activated independently of the camera and to reduce the number of hand movements by the operator during the procedure.
The aperture-plate P carries two apertures, A1 for normal viewing of the retina and for photography, and A2 for defining the retinal area that is to be bleached (Fig. ic) Fig. ia to the left of the objective lens L.
The lens of the model eye had a focal length of 17 mm and an aperture of 8 mm diameter. An objective radiometric method using a photodiode was used in preference to a photometric method using an eye because it is easier and more precise to use routinely in the clinic. The difficulty in making routine photometric measurements by eye with this fundus camera should be noted. The flash source is imaged in the pupil plane of the observer's eye; this image is not uniform and is almost as large as a fully dilated pupil. Furthermore, the output flux of the flash varies according to the interval between firings and the age of the tube. The waveform of the xenon flash (measured at )= 505 nm) consisted of a fast rising front of about oi ms (measured from 5 per cent of peak to the peak) followed by an exponential decay with a characteristic decay time of about 0o4 ms (from the peak to I/e of the peak, where e = 2172). For photography of the optogram, the spectral distribution and intensity are defined by the transmittances of the ocular media, the filters, and the optical components within the fundus camera. The retinal energy density during photography is calculated to be 7 Jm-2 when using setting no. 4 on the flash control unit and filters F2+HF2+ 2E +0o4 ND. The ocular transmittance has been taken as 75 per cent for this calculation; details of this measurement and the calculation are given in the Appendix.
For the bleach, F2 and the neutral-density filters are removed from the light path. The increase in the spectral bandwidth and transmittance results in an actinic retinal energy density which is expressed by Te X goo Jm-2, where Te is the transmittance of the ocular media. Details of these calculations are also given in the Appendix. Taking a mean value of Te = 6o per cent over the spectral range 430-630 nm, the bleaching flash is estimated to provide an actinic retinal energy density of 5 4X I02 Jm'2.
In previous studies on fundus densitometry, the retinal fluxes have been specified in photometric units. These may be related to the values given above by means of the following: i (scotopic) troland second= ioi X Io 4 Jm2, for X=505 nm and a pupil diameter of 8 mm.
Thus, while the value given above for photography compares well with the value of 4 X 104 troland s which was used by Highman and Weale (I973), the bleaching flash currently used is about three times less intense than their figure of i'82X IO7 troland s. The relationship between the fraction of pigment bleached and the retinal illuminance (Fig. 3 , Ripps and Weale, I969) indicates that the present flash will bleach about 55 per cent of the pigment. Thus, if the maximum optical density difference that can be achieved in the eyes of normal subjects is taken to be Oi6-o i8 D, we may expect to measure a density difference of o0-o oI0 D in these subjects with the present equipment.
The alignment and focus adjustment of the camera were carried out by using the red filter F1 in the path of the white light from the bulb B1. On setting 2 of the Zeiss power supply the retinal illumination was calculated to be 350 troland. The luminance of the image of the source formed in the pupil of the model eye was measured by means of a photometer*. The luminances of the additional LED fixation targets were adjusted by varying their input power so that they appeared to have the same luminosity as the surrounding field. The power spectrum of these LEDs is negligible at wavelengths shorter than 630 nm and their emission is confined to a narrow band in the deep red part of the spectrum.
Procedure
The patient is seated at the fundus camera in a darkened examination room. The pupil must have been fully dilated and dark adaptation allowed to proceed for at least I 5 min before this. The plane of the film and the apertures are adjusted rapidly so as to be in focus with the retina. Since it is difficult for the operator to see much retinal detail in the dim red light, it is helpful to begin the adjustments while viewing the region around the optic disc which has a larger reflectance and is rich in structure. Note that a slight re-adjustment will be necessary to view different parts of the fundus but no correction for chromatic aberration is required. The required retinal area is then brought into the centre of the field of view with the moveable intemal fixation target or one of the LED targets and the focus checked. A retinal area in which there are relatively few blood vessels should be selected as far as possible, so that the traces recorded by the scanning densitometer are smooth and thus easier to analyse. The aperture A2 is brought into the optical path by pulling the shaft S2, the xenon flash is activated by means of the switch Sw, and the shaft is pushed back; this completes the bleaching step.
If the eye is still correctly placed, the filter F2 is pushed into the light path, the retina is photographed, and F2 is pulled back to its resting position. The camera shutter is set nominally to 1/25 s. The film is then advanced by one frame so that the camera is ready for another photograph or the next sequence. A readily available sensitive filmt is used for this reading. The film is processed in complete darkness and according to the manufacturer's instructions.
Careful alignment of the patient's eye to the apparatus is particularly important in this technique, because it is essential to transmit all of the available flux into the patient's eye for bleaching. During photography, the spurious reflections and scatter from the eye that can so easily mask the image of the optogram, must be * In order to obtain quantitative results from the fundus photograph, the photonegative has to be scanned in a microdensitometer; a double-beam recording microdensitometer* was used for the present work. The displacement of the tracerecorder, due to a change in the optical transmittance of the scanned sample, has to be initially calibrated; this was done by introducing known values of neutral-density filters in the path of the measurement beam. Then, using common experimental conditions for both measurements-for example, the same spot size and scan rate the density-graticule and the photonegative are scanned in turn. The difference between the scans taken through the bleached area and the adjacent unbleached area is proportional to the true optical density difference. The proportionality constant is the transfer characteristic of the particular part of the film (Arnold and others, I97 i). For a given region of the film if the step change due to the superimposed density graticule is the same for both scans, then this constant is unity. Thus deviations from unity can be noted and the results scaled accordingly. The procedure can best be illustrated by referring to Fig. 3 which shows the traces (corresponding to the scans taken through the sections indicated in Fig. 2) . The traces are drawn about a datum line which is taken to be the base or fog level of the film. A scan of the particular density graticule which was used for this photograph is also shown in Fig. 3 . Note, however, that this third trace has been drawn inverted so as to illustrate the point that the exposure received by the film which lies under the calibration strips is reduced. This local reduction of exposure can also be seen in the other two traces which are pulled down towards the datum in the regions containing the calibration strips. The calibration for the graticule is indicated in the centre of this figure. The transfer characteristic of this photonegative canbe *Model 3c, made by Joyce-Loebl Ltd seen to be slightly above unity. The density contrast of the optogram formed in central part of this photograph-that is, I5-20°temporal-is about o.i D. The density difference can be determined more easily, in practice, when all three traces are available on separate sheets of transparent graph paper. Th.e sheets containing the scans taken outside and through the bleached region are then viewed against the sheet for the graticule. The graticule is once again held inverted and used as a template.
These traces illutt-ate several additional interesting feature3. The traces are noisy and the reflectance varies across the retira. This variation is due to a variety of reasons, partly in the instrument and partly in the subject's eye-for example, the presence of blood vessels in the path of the scan or a non-uniform retinal reflex. Note, however, that the scale of this variation is either much smaller or else much larger than that due to the modulation impressed by the graticule on the fundus photograph. Thus it is easy to discriminate between the true density changes and the artefacts. The traces also illustrate the variaticn of the density difference across the retina. This variation is practically zero for the part of the retina nearer than IO1 temporal to the fovea. It rises rapidly beyond this to a broad maximum in the region I5-300 temporal, in general agreement with the distribution of rods in the retina. For routine clinical investigations, one would be interested chiefly in the central portion of the photograph. Thus, as indicated above, a graticule is made so that it provides a density step of a value which is of the order of the density difference that one expects to measure from normal subjects. A marked reduction in the density difference recorded in a patient's eye would thus be readily seen to be much smaller than this step. The two outermost strips are well outside the expected range. However, they illustrate the fact that even when the illumination on the film is reduced by o035 density units, an appreciable density difference can still be recorded. This difference can of course be achieved only from optograms formed in regions   FIG. 3 Trace recordings produced by scanning microdensitometer. Traces i and 2 are due to scans taken through corresponding sections which are indicated in Fig. 2 . Lowest trace is scan of particular density graticule used to superimpose calibration. Scan has been drawn inverted so as to ------ sindicate that exposure offilm underlying density x strips is reduced. Ordinate represents optical density; abscissa represents distance along horizontal meridian on fundus x4o British Journal of Ophthalmology of the retina distal from -the macula. Thus the film as such appears to have an operational range which encompasses the gross variations of retinal reflex across the retina. Note also that in this graticule the densities of the steps increase away from the vertical midline. Thus a graticule such as this may be used to photograph the optogram in corresponding regions of either eye without requiring the replacement of graticules during measurements on both eyes.
Discussion
This example of the use of the modified fundus camera was typical; a clinical study of various retinal disorders using this apparatus is in progress and full results will be described in due course.
Thus the comments below refer mainly to points of technique. In regular use, this modified fundus camera has proved to be no more difficult to use than is the normal camera for routine fundus photography. As the method provides a rapid, convenient means of supporting the measurements of a3sociated retinal tests in diseases such as nightblindness, routine densitometric measurements may also be carried out in the same clinic with this apparatus.
The maximum flux available from the present equipment is insufficient to bleach all the visual pigment within a given region. The flux could be increased but only by modification, perhaps extensive, of the optics or the flash unit. However, as established by Highman and Weale (I973) in cases such es retinitis pigmentosa, the density difference3 in a given retinal region are much lower, and the vis lal thresholds of the same retinal region are much higher, than those in normal subjects. Therefore, for the assessment of such cases the apparatus may be used without any further modifications. It should be noted that simply increasing the incident flux may not give a markedly denser optogram, because short intense flashes of light can bleach only up to a limit of 70-80 per cent of the available pigment because of photoregeneration (Williams, I974) . Furthermore, the associated heating effect of the intense retinal illumination may well produce a deleterious effect-that is, oedema. The optical effect of this oedema is partially to counteract the density difference due to the bleach (Weale, 1968) . Its magnitude, however, is said to be independent of the wavelength of light used for the measurement so that it may be quantified by measurements outside the absorption spectrum of the pigment. In order to ascertain whether oedema had been caused, a series of four or five fundus photographs were taken in deepred light immediately after the retina had been bleached and at half-min intervals subsequently. the fundus camera and setting no. 4 on the flash control unit, the output was i30+3-7 mV (mean of five flashes, ignoring the first flash). Thus the charge accumulated was I-3 X 10-6 C per flash. The response sensitivity of the photodiode is 0217 A/Watt, at A= 505 nm, and the active area is 5-I X IO-6 m2. Thus the energy density received by the photodiode at the simulated retinal plane is I-i8 Jm-2. Note that when the flash is first fired after a rest period of a few minutes, the flux from the first flash is about 5 per cent higher than that of the subsequent flashes which are fired at regular intervals of, say, 5 or io s. During the retinal photography step, the filters F2+HF2+2E -0-4 ND are used in the fundus camera.
Taking the transmittance of the ocular media as 75
per cent at A= 505 nm (Table 27 , Wyszecki and Stiles, 1967 ) the retinal energy density is 7-04 Jm-2. The retinal energy density may then be calculated for any given combination of filters inserted in the fundus camera, given the spectral distribution of the xenon flash-discharge source. Although there are several narrow peaks in the 460-490 nm band, in most applications the distribution may be taken to be essentially flat over the range 4co-630 nm. Thus the use of a broad spectral band for bleaching, say, from 430-630 nm, increases the total flux by about 300 times more than that used during photography. If we take the mean transmittance of the ocular media as 70 per cent, the retinal energy density within this spectral band is about IS X 103 Jm'2. In order to calculate the increase in the actinic flux during the bleaching step, the absorption spectrum of rhodopsin was used (Crescitelli and Dartnall, i953).
In the spectral range 43o-630 nm, the increase is 9-6 times more than that in a io nm bandwidth centred at 505 nm. Thus, the removal of the neutral density filter and F2 from the light path will.increase the actinic flux at the retinal plane to: i-i8 x96 xloglo-1 (I-9) xTe or goo x Te Jm-2. 
